The objectives were to compare the effect of exogenous fibrolytic enzyme (Biocellulase A20) or anhydrous ammonia (4% DM) treatment on the nutritive value, voluntary intake, and digestion kinetics of bermudagrass (Cynodon dactylon cultivar Coastal) hay harvested after 2 maturities (5-and 13-wk regrowths). Six individually housed, ruminally cannulated Brangus steers (BW 325 ± 10 kg) were used in an experiment with a 6 × 6 Latin square design with a 3 (additives) × 2 (maturities) factorial arrangement of treatments. Each period consisted of 14 d of adaptation and 7, 4, 1, 1, and 4 d for measuring in vivo digestibility, in situ degradability, no measurements, rumen liquid fermentation and passage indices, and rate of solid passage, respectively. Steers were fed hay for ad libitum intake and supplemented with sugarcane molasses and distillers grain (supplement total of 2.88 kg DM/d). Enzyme did not affect the nutritional composition of hay but ammonia treatment decreased hay NDF, hemicellulose, and ADL concentrations and increased the CP concentration particularly for the mature lignified 13-wk hay. The enzyme increased NDF and hemicellulose digestibility of the 5-wk hay but decreased those of the 13-wk hay. Ammoniation decreased intake of hay but increased digestibility of DM, OM, NDF, hemicellulose, ADF, and cellulose and increased the ruminal in situ soluble and potentially digestible fractions and the rate of DM degradation of the 13-wk hay. Also, ammoniation increased the concentrations of ruminal NH 3 , total VFA, acetate, and butyrate but enzyme treatment did not. Neither enzyme addition nor ammoniation affected rate of liquid and solid passage. In conclusion, ammoniation decreased the concentration of most fiber fractions, decreased the intake of hays, and increased their CP concentration, in vivo digestibility, and in situ degradability at both maturities whereas enzyme application increased fiber digestibility of the 5-wk hay but decreased it in the case of the 13-wk hay.
INTRODUCTION
In the tropics, warm-season grasses make up around 85% of the feed supply for meat and milk production (Coleman et al., 2004) and they are the basis of livestock production in the southeastern United States (Pitman, 2007) . However, such grasses often have lower quality than cool-season grasses (Coleman et al., 2004) . Ammoniation has improved forage quality, but it is not used widely because it is costly and caustic (Rotz and Shinners, 2007) . Furthermore, it can produce toxic hyperexcitability causing intermediates in forages with high sugar concentrations at temperatures of over 70°C (Perdok and Leng, 1987) . Bermudagrass hay has a relatively low sugar concentration of 7.6 ± 1.8% (SD; Dairy One, 2013) ; therefore, hyperexcitability is uncommon in cattle fed ammoniated bermudagrass hay (Brown and Kunkle, 2003) . Recent research has focused on using exogenous fibrolytic enzymes (EFE) as a potential alternative to improve forage quality (Adesogan, 2005) . Supplementing dairy cow and feedlot cattle diets with EFE has improved digestibility and animal performance (McAllister et al., 1999; Arriola et al., 2011) and some have been used successfully to enhance the digestibility of warm-season grasses (Dean et al., 2005; Krueger et al., 2008) . However, the results of EFE application on forage quality and animal performance have been equivocal (Adesogan, 2005) and most have focused on cool-season forages. Furthermore, limited information is available on whether EFE-induced increases in forage intake and digestion depend on forage maturity. The objective of this study was to evaluate the effect of applying an EFE or anhydrous ammonia on the nutritive value, voluntary intake, and digestion kinetics of bermudagrass hay harvested at 2 maturities. The hypothesis was that application of anhydrous ammonia or EFE would improve the nutritive value and voluntary intake of bermudagrass hay.
MATERIALS AND METHODS
The Animal Research Committee of the University of Florida approved the animal protocol for this experiment
Forage Treatments
An established stand of bermudagrass [Cynodon dactylon (L.) Pers.] cultivar Coastal owned by a hay producer in Alachua County, FL, was staged in August 2007 by mowing to a 4-cm stubble and removing the residue. The field subsequently was fertilized with N (69 kg/ha) and the grass in each half of the field was allowed to regrow for 5 or 13 wk concurrently such that the respective harvest dates were 28 September and 17 November 2007. On each harvest date, the grass was mowed to a 4-cm stubble with a New Holland 617 mower conditioner (New Holland North America, New Holland, PA). Average precipitation (mm), temperature (°C), and solar radiation (W/ m 2 ) in Alachua during the growth periods were obtained from University of Florida Forage Research Unit Weather Database (FAWN, 2007) . Mowed forage in 2 of every 3 windrows was left untreated for the control (CON) and ammoniation (AMN) treatments, and the third windrow was sprayed immediately after it was cut (10 g/t, air dry basis) with an exogenous fibrolytic enzyme product (ENZ; Biocellulase A20; Loders Croklaan, Channahon, IL) using a tractor-mounted 57-L continuous flow sprayer (FIMCO, North Sioux, SD) fitted with a 3-nozzle boom. The enzyme was selected because it previously increased the in vitro digestibility of bermudagrass silage (Dean et al., 2008) and intake and in vivo digestibility of bermudagrass hay by beef cattle . Approximately 48 h after mowing, the forage in windrows was baled when it was sufficiently dry with a John Deere 468 round baler (John Deere Co., Moline, IL). Exoglucanase, endoglucanase, β-glucosidase, and xylanase activities of the enzyme determined under ruminal conditions (pH 6 and 39°C), according to Colombatto and Beauchemin (2003) , were 7, 1,735, and 83 μmol of glucose equivalent released/min per mg and 1,601 μmol of xylose equivalent released/min per mg of enzyme powder, respectively. Ferulic acid esterase activity was 0.04 μmol of ferulic acid released/min per mg of enzyme protein (pH 6 and 39°C) based on the method of Lai et al. (2009) . Enzyme protein concentration was determined to be 40.3 mg per g of enzyme powder, using a QuickStart Bradford Protein Assay determination kit (Biorad, Hercules, CA). Hays were stored as round bales in a covered shed.
For ammoniation, untreated round bales were stacked on each other, covered with 1 layer of a 0.15-mm black polyethylene plastic sheet, and treated with anhydrous ammonia (4% of DM) as described by Brown (1988) . The forage was allowed to react with the ammonia for 6 wk and then vented to release ammonia gas. The mean temperature during the ammoniation reaction was 13.6 ± 6°C.
Cattle and Diets
Six yearling, ruminally cannulated Brangus steers with an initial BW of 216 ± 6 kg (SD) and an average BW during the trial of 325 ± 10 kg (SD) were dewormed with Ivomec (Merial, Duluth, GA) and assigned to 6 treatments arranged in a 3 (additives) × 2 (maturities) factorial arrangement in an experiment with a 6 × 6 Latin square design. In each of the six 31-d periods, d 1 to 14 were for adaptation to the diet, d 15 to 21 for measuring voluntary intake and digestibility (total feces collection method), d 22 to 25 for estimating in situ degradability, d 26 for no measurements, d 27 for ruminal fluid collection, and d 28 to 31 for estimating liquid and solid passage rates. Steers were housed in individual 4 × 12 m pens in an open-sided barn equipped with continuous lighting. After storage for 4 mo, each hay bale was chopped to 15-cm lengths using a tub hay grinder (Roto Grind, model 760; Burrows Enterprises, Greeley, CO). Steers were fed hay 110% of the intake of the previous day to allow ad libitum consumption. The hay offered daily was fed in 2 equal allotments at 1000 and 1600 h. A supplement formulated to meet the energy needs of a 250-kg steer for maintenance plus 0.58 kg/d gain (NRC, 2000) was fed in a separate container at 0900 h. The supplement consisted (DM basis) of 2 kg of sugarcane molasses (DM = 83%; CP = 11.7%), 0.8 kg of dried distillers grains with solubles (NDF = 37.3%; CP = 30%), and 0.06 kg of a mineral-vitamin mix (Lakeland Animal Nutrition, Lakeland, FL) containing 21% NaCl, 13% Ca, 6% P, 1% Mg, 0.95% Zn, 0.8% K, 0.4% S, 0.4% Fe, 0.22% Mn, 0.2% Cu, 800 mg/kg of Fe, 200 mg/kg of Co, 175 mg/kg of I, 48 mg/kg of Se, 45,454 IU/kg of vitamin A, and 9,091 IU/kg of vitamin D 3 (DM basis). Feed grade urea (30 g/d; Southeastern Minerals Inc., Bainbridge, GA) containing 46% N was mixed with the supplements of steers fed CON and ENZ hays to reduce N deficiency in the rumen.
Sampling and Analysis
Feces were collected using fecal bags twice a day (0900 and 1700 h) during the 7-d digestibility trial. A subsample was taken after weighing and stored (-30°C). Daily samples of hay, supplements, refusals, and feces taken during the 7-d digestibility trial collection period were analyzed for DM (48 h at 60°C). Dried samples were composited by steer within each period and ground to pass a 1-mm screen using a Wiley mill (Arthur H. Thomas Company, Philadelphia, PA). Samples were analyzed for ash (600°C for 2 h; AOAC Int., 2000), NDF, ADL, and ADF (Van Soest et al., 1991) using an ANKOM 200 Fiber Analyzer (ANKOM, Macedon, NY), and CP (N × 6.25) using a Vario MAX CN Macro Elementar Analyzer (Elementar Analysensysteme GmbH, Hanau, Germany) by the Dumas combustion method (AOAC Int., 2000) . Amylase was used for NDF analysis but sodium sulfite was not and NDF results were expressed exclusive of residual ash. The ADF was not run sequentially after NDF. Cellulose (ADF minus ADL) and hemicellulose (NDF minus ADF) concentrations and apparent digestibilities of DM, OM, NDF, hemicellulose, ADF, cellulose, and CP were calculated. Hay ADF residues were also analyzed for CP to estimate acid detergent insoluble CP (ADICP) concentration.
In Situ Ruminal Degradability
The in situ ruminal DM disappearance of each hay was determined in triplicate within steers consuming the same hay in that period. Hay samples taken representatively at the beginning of each period were dried for 48 h at 60°C, ground to pass a 4-mm screen using a Wiley mill, and weighed (5 g DM) into 10 × 20 cm ANKOM R1020 in situ bags (ANKOM, Macedon, NY), which were tied with rubber bands. The bag pore size was 50 µm and the sample size to free bag surface area ratio was 12.5 mg/ cm 2 . Bags were attached to a rope with clips, placed in the ventral sac of the rumen for 0, 3, 6, 9, 12, 18, 24, 48, 72 , and 96 h, removed simultaneously, washed with cold running water to remove adherent particles and bacteria, and then washed in a commercial washing machine (Kenmore, Benton Harbor, MI) using a cool-wash cycle without soap. Washed bags were dried for 48 h at 60°C and weighed. The model of Mertens (1977) was fitted to the DM degradation data using the NLIN procedure of SAS (SAS Inst., Inc., Cary, NC). The model is of the form
in which R (t) = total undegraded residue at any time t, D i = potentially degradable fraction, e = 2.71828, k d = fractional rate of degradation of D i , t = time incubated in the rumen in hours, L = discrete lag time in hours, and I o = indigestible fraction. Effective degradability was calculated using the Ørskov and McDonald (1979) formula
in which A = washout fraction (100 -D i -I o ), D i = potentially degradable fraction, k d = fractional rate of degradation, and k p = actual passage rate of solids.
Rumen Fermentation Parameters
Samples of ruminal fluid were taken by aspiration at 0800 h (1 h before feeding) and hourly thereafter until 2000 h on d 27, for a total of 13 samples per treatment. The samples were immediately filtered with 2 layers of cheese cloth and analyzed for pH using a calibrated electrode (Accumet, model HP-71; Fisher Scientific, Pittsburgh, PA). Subsequently, the ruminal fluid (100 mL) was acidified with 1 mL of a 9.0 M H 2 SO 4 solution and then frozen at -40°C for further analysis. Thawed samples were centrifuged at 8,000 × g for 20 min at 4°C and the supernatant was analyzed for VFA and lactate (Muck and Dickerson, 1988 ) using a High Performance Liquid Chromatograph (L6200A; Hitachi, Tokyo, Japan) coupled to a UV detector. Ammonia-N concentration was measured using an adaptation of the Noel and Hambleton (1976) procedure that involved colorimetric N quantification on a Technicon Auto Analyzer (Technicon, Tarrytown, NY).
Ruminal Fluid Volume and Dilution Rate
Ruminal fluid volume and dilution rate were measured on d 27 using samples taken at the same time as those analyzed for VFA. Cobalt EDTA was prepared according to Udén et al. (1980) . Briefly, 28 g of a cobalt chelate (4 g of Co) were diluted in 1 L of distilled water and dosed into the rumen just before 0800 h. Rumen contents were thoroughly mixed for 3 min to aid equilibration of the marker. Ruminal fluid samples taken an hour after cobalt dosing and afterward were processed in the same way as those reserved for VFA analysis and analyzed. The cobalt concentration of the ruminal fluid supernatant was measured with a PerkinElmer 5000 (Wellesley, MA) atomic absorption spectrometer. Ruminal fluid dilution rates were calculated as the slope of the natural logarithm of cobalt concentration on time postdosing and are expressed as percentage of volume/hour. Ruminal fluid volumes were calculated by dividing the Co dose by the extrapolated Co concentration at time 0 (dosing).
Particle Rate of Passage and Mean Retention Time in the Gastrointestinal Tract
Chromium-mordanted fiber was used as an inert marker to estimate particle rate of passage and mean retention time in the gastrointestinal tract. Representative samples of hay taken using a drill-powered hay probe were dried at 60°C for 48 h and ground in a ThomasWiley Laboratory Mill (Thomas Scientific, Philadelphia, PA) to pass through a 2-mm screen. Twenty-seven grams of chromium-mordanted fiber were prepared according to Udén et al. (1980) for each hay treatment and dosed into the respective steer in each period just before feeding the hay. Samples of feces were collected 0, 8, 20, 24, 28, 32, 44, 56, 68 , and 80 h later. Chromium concentration of feces was analyzed with a PerkinElmer 5000 (Wellesley, MA) atomic absorption spectrometer according to Williams et al. (1962) . Chromium excretion patterns were fitted to the single compartment, agedependent model with a γ-2 distribution (Pond et al., 1988) with the NLIN procedure (SAS Inst. Inc., Cary, NC). The model is in the form of
in which y = concentration of marker, k 0 = concentration of marker if instantaneously mixed in the compartment, L 1 = age dependent rate parameter, tau = time delay (i.e., the time between dosing of the marker and its first appearance in the feces), e = 2.71828, and t = time after marker administration. Particle rate of passage from the rumen and mean retention time of particles in the total digestive tract were calculated from the parameters generated by the previous model using these formulas (Pond et al., 1988) :
Particle rate of passage = L 1 × 0.59635
Statistical Analysis
A 6 × 6 Latin square design with a 3 (additives) × 2 (maturities) factorial arrangement of treatments was used to analyze the nutritional composition, voluntary intake, apparent digestibility, in situ degradability, rumen fermentation, and passage of liquids and solids data. The MIXED procedure of SAS and a model containing additive, maturity, additive × maturity, period, and steer as the random effect was used to analyze the data. A similar model that excluded the steer effect was used to analyze hay composition data. Rumen fermentation data were analyzed with the GLIMMIX procedure of SAS and a repeated measures statement that used the autoregressive [ar(1)] covariance structure. The model was similar to the first model described above but included effects of time and interactions with time. Contrast statements were used to determine the effects of enzyme treatment (ENZ vs. CON), ammoniation (AMN vs. CON), and maturity (5 vs. 13 wk) and the interactions of maturity with the respective additives. Significance was declared at P ≤ 0.05 and tendencies at 0.05 < P ≤ 0.1.
RESULTS AND DISCUSSION

Nutritional Composition
The 5-wk hay had greater (P < 0.001) concentrations (% DM) of NDF (77.7 vs. 72.7), hemicellulose (36.8 vs. 33.4), ADF (40.9 vs. 39.4), cellulose (34.4 vs. 32.4), and CP (14.3 vs. 11.5) and less (P < 0.001) neutral detergent solubles (NDS; 22.3 vs. 27.3), ADL (6.42 vs. 6.98), and ADICP (P = 0.03; 9.82 vs. 10.37% of total CP) than the 13-wk hay (Table 1) . Fiber concentrations often increase with plant maturity, but as in this study, greater fiber concentrations have been previously reported in less mature vs. mature bermudagrass (Jolliff et al., 1979; Mandebvu et al., 1999; Scarbrough et al., 2006) . Effects of chronological age on the nutritional value of bermudagrass can be confounded by the influence of environmental conditions on plant growth and development during the growing period (Jolliff et al., 1979) . In this experiment, the greater average temperature during the growth of the 5-vs. 13-wk hays (25.2 vs. 21.7°C) partly explains the greater fiber concentrations of the 5-wk hay.
As reported in other studies on tropical grasses , enzyme application had no effect on fiber fractions or lignin. However, the 5-wk enzyme-treated hay had greater CP concentration than the untreated hay, but this difference was not apparent in the 13-wk hay (enzyme × maturity interaction, P = 0.03). Enzyme treatment also had contrasting effects on ADICP at both maturities (enzyme × maturity interaction, P = 0.004). Using the same enzyme, reported no differences in CP concentration between enzyme-treated and control bermudagrass hays but Tous et al. (2006) reported a greater CP concentration in guineagrass hay (Panicum maximum Jacq.) treated with the same enzyme used in this study when compared with control.
Ammoniation reduced concentrations of NDF, hemicellulose, ADICP, and ADL and increased concentrations of NDS, cellulose, and CP and these effects were greater in the 13-wk hay (maturity × ammonia interaction, P < 0.05). Others have reported that the efficacy of ammoniation on hay increased with maturity (Fahey et al., 1993; Brown and Kunkle, 2003; Sollenberger et al., 2004) . The reduction in NDF by ammoniation reflects solubilization of hemicellulose (Saenger et al., 1983; Haddad et al., 1995) and hydroxycinnamic compounds (Chesson, 1993; Fahey et al., 1993; Wang et al., 2004) by the alkali due to breakage of ester bonds. As reported previously (Haddad et al., 1995; Krueger et al., 2008) , ammoniation did not affect ADF concentration yet it reduced ADL concentration particularly for the 13-wk hay (maturity × ammonia interaction, P = 0.04). Hydrolysis of lignin by ammonia has been attributed to cleavage of ester bonds in the lignin-carbohydrate complex (Chesson, 1993) . The increase in CP caused by ammoniation agrees with other studies (Wanapat et al., 1985; Flachowsky et al., 1996; Krueger et al., 2008) . The greater CP increase in the 13-wk hay compared with the 5-wk (7.2 vs. 5.6%) could be the result of the preferential reaction of ammonia with lignin complexes (Sewalt et al., 1997) , especially as the 13-wk hay had more lignin. This may have led to greater volatilization of ammonia from the 5-wk hay after the cover was removed. Similar results have also been reported with ammoniation of different maturities of switchgrass (Gates et al., 1987) . Nevertheless, the latter is particularly beneficial for ruminants fed warm-season grasses, which have greater yields and lower CP concentrations as they mature (Moser et al., 2004) .
Voluntary Intake
Steers consistently consumed all of the concentrates they were offered. Intakes (kg/d) of total diet DM, OM, CP, NDF, hemicellulose, ADF, and cellulose (P ≤ 0.008) were greater by steers fed the 5-wk vs. 13-wk hay (8.0 vs. 7.5, 7.3 vs. 6.9, 1.3 vs. 1.1, 4.3 vs. 3.7, 2.1 vs. 1.8, 2.2 vs. 1.9, and 1.8 vs. 1.6, respectively; Table 2 ). Intakes of hay DM, OM, CP, NDF, hemicellulose, ADF, and cellulose (P ≤ 0.008) were greater in the 5-wk than the 13-wk hay (5.1 vs. 4.6, 4.9 vs. 4.4, 0.7 vs. 0.5, 4.0 vs. 3.4, 1.9 vs. 1.6, 2.1 vs. 1.8, and 1.8 vs. 1.5, respectively). Enzyme application did not affect these intake measures but ammoniation decreased (P ≤ 0.05) total intakes of DM, OM, NDF, and hemicellulose (7.6 vs. 8.0, 6.9 vs. 7.3, 3.7 vs. 4.2, and 1.7 vs. 2.1, respectively). Ammoniation also decreased hay NDF and hemicellulose intakes (3.4 vs. 3.9 and 1.5 vs. 1.9) and tended (P < 0.08) to decrease intake of total ADF (2.0 vs. 2.1) and hay DM, OM, and ADF (4.7 vs. 5.1, 4.5 vs. 4.9, and 1.9 vs. 2.0). In contrast, ammoniation increased total and hay CP intake (P < 0.001; 1.3 vs. 1.1 and 0.8 vs. 0.5). Ammoniation of hay has increased (Flachowsky et al., 1996; Krueger et al., 2008) , not affected (Ward and Ward, 1987; Wang et al., 2004) , or reduced DMI. Reductions of hay DMI have often occurred when ammonia was applied at rates of 3% or greater to forages with 30% moisture or more due to the strong smell and reduced acceptability of the ammoniated hay (Streeter et al., 1981; Grovum and Chapman, 1988; Brown and Kunkle, 2003) .
In Vivo Apparent Digestibility
Digestibility (%) of CP, NDF, hemicellulose, ADF, and cellulose were greater (P ≤ 0.002) in the 5-wk hay compared with the 13-wk hay (67.5 vs. 64.6, 58.1 vs. 51.2, 69.8 vs. 63.2, 46.8 vs. 40.2, and 58.3 vs. 50.9 ; Table 3). However, there was no difference between 5-wk and 13-wk DM and OM digestibilities.
Enzyme application did not affect digestibility (%) of DM, OM, CP, ADF, and cellulose but increased NDF and hemicellulose digestibility of the 5-wk hay (57.8 vs. 53.2 and 69.3 vs. 62.3, respectively) and decreased those of the 13-wk hay (46.7 vs. 49.6 and 56.7 vs. 61.1; enzyme × maturity interaction, P ≤ 0.009). The improvement in NDF digestibility may have only occurred in the 5-wk hay because it contained less lignin than the 13-wk hay. When the same enzyme was applied to a 5-wk regrowth of Coastal bermudagrass hay, digestibility of NDF by steers also was increased . The improvement in NDF digestibility (NDFD) of the 5-wk hay diet by the enzyme was not reflected in DM digestibility (DMD; P = 0.14) and OM digestibility (OMD; P = 0.15) responses because the concentrate supplement accounted for 35% of the diet and it consisted mainly of sugarcane molasses.
Ammoniation increased digestibility (P ≤ 0.007) of DM (66.9 vs. 63.2%), OM (66.4 vs. 62.5%), NDF (60.3 vs. 51.4%), hemicellulose (74.8 vs. 61.7), ADF (47.7 vs. 41.2%), and cellulose (61.0 vs. 50.5). Ammoniation cleaves ester linkages and solubilizes hydroxycinnamic acids, hemicellulose, and acetyl groups in the cell wall (Wang et al., 2004) , thereby disrupting the lignin-hemicellulose matrix and facilitating cell wall degradation by microbial enzymes (Jung and Allen, 1995) . Greater ADF and cellulose digestibility with ammoniation probably reflect reduced encrustation of cellulose by lignin and increased exposure of the cellulose polymer to microbes (Fahey et al., 1993) . However, ammoniation decreased (P < 0.001) CP digestibility (62.2 vs. 67.5), which contradicts the results of Krueger et al. (2008) on a 5-wk regrowth of bermudagrass hay but agrees with the results of Birkelo et al. (1986) on wheat straw. These divergent responses may be due to use of a lower ammoniation rate (3% of hay DM) by Krueger et al. (2008) compared with those in this study (4% of DM) and that of Birkelo et al. (1986; 7%) . The lower CP digestibility of the ammoniated hay may have also been due to lower N availability in ammoniated hay compared with the urea N added to control diets. Similar results were reported when Birkelo et al. (1986) compared ammoniation of wheat straw to supplementation of a Control wheat straw diet with urea. But ammoniation increased CP digestibility of the bermudagrass hay when Krueger et al. (2008) compared ammoniation of bermudagrass hay to a Control diet that received no urea supplementation.
In Situ Rumen Degradation Kinetics
Discrete lag times were unaffected by additives but were longer (P < 0.001) for the 5-wk (2.8 h) compared with the 13-wk hay (1.5 h; Table 4 ). Lag time is influenced by factors such as the rate of hydration of the substrate, microbial attachment, and nutrient limitations (Lopez, 2005) . The lower concentration of the digestible, nutrient-rich NDS fraction in the 5-wk hay likely reduced the rate of substrate colonization causing a longer lag phase.
The 5-wk hay contained less (P < 0.05) soluble (12.7 vs. 13.6%) and undegradable (40.9 vs. 43.5%) fractions and more (P < 0.001) of the potentially degradable fraction (46.4 vs. 42.9%) than the 13-wk hay. These results reflect the greater NDF and ADF concentrations and lower lignin concentration of the 5-wk hay, respectively ( Table 1) .
As in the study of Krueger et al. (2008) , enzyme application to bermudagrass hay had no effect on in situ degradability of DM. McAllister et al. (2001) stated that in most studies, enzymes have not increased the potentially degradable fraction, but they have increased the rate of digestion of forages. Such increases in the degradation rate occurred mainly in reports on cool-season or temperate forages, which have considerably less NDF and lignin concentrations than warm-season grasses.
Ammoniation increased the soluble fraction and effective degradability of the hays to a greater extent in the 13-wk vs. 5-wk hays (ammonia × maturity interaction, P < 0.03). Ammoniation also increased (P < 0.001) the potentially degradable (50.3 vs. 42.7%) fraction and decreased (P < 0.001) the undegradable fraction (34.6 vs. 45.3%) of 5-and 13-wk hays whereas it only increased the degradation rate of the 13-wk hay (ammonia × maturity interaction, P = 0.04). Ammoniation may have increased the soluble fraction by weakening the physical structure and properties of the cell wall (Harbers et al., 1982) , thereby increasing its fragility (Selim et al., 2002 (Selim et al., , 2004 . Effects on the potential and indigestible fractions likely reflect a degradation of the lignin-carbohydrate complex (Chesson, 1993) . The greater degradation rate and effective degradability responses to ammoniation of the 13-wk hay agree with reports that the alkali is more effective on more mature, lignified forages (Fahey et al., 1993; Brown and Kunkle, 2003; . It should be noted that the assumptions (that A is degraded at an infinite rate and that the rumen is a 1-compartment system) underlying the effective degradability equation are not true; nevertheless, the data are presented for reference purposes.
Rumen Fermentation Parameters
Ruminal pH was unaffected by maturity or enzyme or ammonia treatment (Table 5 ). When applied to forages, enzymes have not affected ruminal pH (Lewis et al., 1996; Yescas-Yescas et al., 2004; Dean et al., 2005) . Also, ammoniation of hay has not affected ruminal pH in previous studies (Zorrila-Rios et al., 1985; Vagnoni et al., 1995) . Ruminal ammonia concentration was not affected by maturity or enzyme application. In contrast, ammoniation increased (P = 0.004) ruminal ammonia-N concentration (15.1 vs. 11.4 mg/dL) when compared with the CON treatment, suggesting that ruminally available N from ammoniation was greater than that provided in the urea supplemented to the CON and enzymetreated hays. Although hays were fed 1 h later than the concentrate, ammoniation provided a more stable supply of ammonia-N in the rumen during the day due to a slower intake of hay compared with that from the concentrate containing the urea fed to steers in the CON and enzyme treatments ( Fig. 1 ; treatment × time interaction, Table 3 . In vivo apparent digestibility by steers fed untreated (CON), enzyme-treated (ENZ), and ammoniated (AMN) hay harvested at 2 maturities (M) 1 Digestibility, % The number of observations used in the statistical analysis for each treatment was n = 6. P < 0.001). A more gradual release of ruminal ammonia may benefit rumen microbes due to improved stability of N supply. Mean ruminal ammonia-N concentrations of all diets exceeded the level (2 mg/dL; Satter and Slyter, 1974) that limits microbial protein synthesis.
Enzyme application and maturity did not affect total VFA concentration or individual VFA molar proportions except that the 5-wk hay had more (P = 0.002) acetate (58.3 vs. 56.5 mol/100 mol), reflecting its greater NDF concentration. Also, the 5-wk hay had greater butyrate molar proportion (16.1 vs. 17.8), but the butyrate concentration did not change with maturity. Although several experiments have reported a trend for increased acetate and decreased butyrate molar proportions with increasing forage maturity, forage maturity or the order of forage harvest is not the main determinant of rumen VFA proportions (Rinne et al., 1997) . Rather, factors such as the relative NDF concentrations of the forage at different maturities are likely more important. Greater acetate proportions and lower butyrate proportions were reported when less mature tall fescue hay was fed to steers instead of mature hay (Fieser and Vanzant, 2004) . The relatively high proportion of butyrate in ruminal fluid in this study reflects the fermentation of the supplementary molasses (Wing et al., 1988) and distillers grains (Leupp et al., 2009) in the steer diets. Ammoniation increased (P = 0.02) total VFA concentration (155.4 vs. 144.3 mM) as reported previously in beef cattle fed ammoniated bermudagrass hay (Wyatt et al., 1989) or tall fescue (Chestnut et al., 1987) . Such results are probably a consequence of greater digestion and fermentation of ammoniated hay. Ammoniation also decreased (P = 0.001) the molar proportion of propionate (17.9 vs. 19.1), without changing propionate concentration, as a result of an increase in acetate and butyrate concentrations. Furthermore, ammoniation increased (P = 0.02) the acetate to propionate ratio (3.4 vs. 3.2).
Ruminal Fluid Volume and Dilution Rate
Ruminal fluid volume, dilution rate, turnover time, and passage rate were unaffected by additive treatment or maturity (Table 6 ). Judkins and Stobart (1988) noted that enzyme treatment of an alfalfa hay-based diet did not affect rate of dilution or ruminal fluid volume in lambs. In addition, Beauchemin et al. (1999) reported that enzyme treatment of a barley silage-based total mixed ration did not affect liquid passage rate in dairy cows. However, Zorrilla-Rios et al. (1985) reported that ammoniation of wheat straw increased liquid passage rate in steers. Ammoniation may have not increased liquid passage rate in this study because it reduced DMI and tended (P = 0.13) to reduce ruminal fluid volume. Rate of fluid passage values observed in this study (14 to 15.7%/h) were relatively high but similar to those of beef steers fed old world bluestem (Bothriochla inermedium; 14.7%/h; Coleman et al., 1984) or tall fescue (Festuca arundinacea) plus soy hulls (13%/h; Richards et al., 2006) for ad libitum intake.
Particle Rate of Passage and Mean Retention Time
Ruminal particle rate of passage (%/h) was not affected by hay maturity (Table 6 ). Enzyme-treated hay tended to have a lower particle rate of passage in the 5-wk hay (5.3 vs. 6.0) and a greater rate in the 13-wk (5.5 vs. 5.1) hay compared with the respective CON treatments (enzyme × maturity interaction, P = 0.07). Because greater rates of particle passage allow less time for digestion, the passage rate data may explain why enzyme treatment increased the digestibility of the 5-wk hay and decreased that of the 13-wk hay. Gastrointestinal particle mean retention time was increased (P = 0.05) with increasing maturity (39.3 vs. 41.4 h) as observed in other studies (Pond et al., 1987; Bowman et al., 1991) , which partly explains the lower intake of the 13-wk hay. Gastrointestinal particle mean retention time was unaffected by ammoniation but tended to be increased by enzyme treatment of the 5-wk hay (39.3 vs. 37.8 h; enzyme × maturity interaction, P = 0.09) and to be reduced by enzyme treatment of the 13-wk hay (39.3 vs. 42.2 h) when compared with the CON. This could partially explain the increase in NDF in vivo digestibility of the enzyme-treated 5-wk hay and the respective decrease of the 13-wk hay, as the 5-wk hay had more time to be digested in the gastrointestinal tract although no differences were observed in voluntary intake. The potential mechanism by which the enzyme tended to increase gastrointestinal retention time for the 5-wk hay and decrease it for the 13-wk hay without affecting in situ rate of digestion is unclear. Particle physical properties might have been affected. Lewis et al. (1996) observed neither change in particle passage rate nor mean retention time in beef steers when a fibrolytic enzyme was applied to a mixture of full-maturity smooth brome and orchardgrass. In contrast, Feng et al. (1996) reported that enzyme treatment of mature cool-season grass just before feeding increased particle rate of passage and decreased mean retention time in beef steers although no effects were detected after enzyme application to the grass before cutting or at wilting.
As in this study, ammoniation of tall fescue hay did not affect particle rate of passage in beef steers (Chestnut et al., 1987) but Zorrilla-Rios et al. (1985) noted that ammoniation of wheat straw increased particle rate of passage in beef steers. These discrepancies are attributable to differences in forage type and the technique used to estimate passage rate (Mader et al., 1984) . The 1-compartment model was chosen for estimating particle passage rate in this study instead of multicompartment models because 1) resolution of compartments was not an objective of the study and 2) it is more robust than models with more compartments especially for studies involving chopped forage diets or involving fecal output estimation by pulse-dose methods (Pond et al., 1988) . 
Conclusions
The 5-wk hay had more NDF, hemicellulose, ADF, cellulose, and CP and less lignin than the 13-wk hay, but the NDF, hemicellulose, ADF, cellulose, and CP digestibility of the 5-wk hay was greater. Ammonia treatment improved the nutritional composition of bermudagrass hay by reducing NDF, hemicellulose, and lignin concentrations and increasing CP concentrations particularly in the 13-wk hay. Furthermore, ammoniation increased total tract apparent digestibility, extent and rate of in situ DM digestion of the hays, and total VFA concentration but reduced total and hay DMI. Enzyme treatment did not improve the nutritive value, intake, digestion kinetics, or fermentation parameters of bermudagrass hay. However, enzyme treatment increased the NDF and hemicellulose digestibility of the 5-wk hay but decreased those of the 13-wk hay. As hypothesized, ammoniation had more pronounced effects on the more mature (13-wk) hay whereas enzyme application only resulted in beneficial effects on fiber digestibility when applied to the 5-wk hay. Table 6 . Ruminal fluid volume and kinetics and rate of particle passage and mean retention time in the gastrointestinal tract of steers fed untreated (CON), enzyme-treated (ENZ), and ammoniated (AMN) hay harvested at 2 maturities (M) 1 
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